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RESEARCH MEM0RAB3XM 

AB AHALYSIS OE A HIGHLY COMPOTJHDED TWO -STBOEE -CYCLE 

COMPHEBSION -IGBITIOB ENGIHE 

By Max J. Tauschek, Bernard I. gather 
and Arnold E. Biermaim 


SUMMARY 

The results of an analysis of a compound two-stroke cycle > 
compression-ignition engine operating under such conditions that 
the turbine delivers a large amount of the useful work of the 
cycle are presented. 

Under these conditions, specific weight 8 for the power plant 
of under 1.0 pound per brake horsepower may he obtained with 
reasonable values of peak cylinder pressure andturbine-inlet 
temperature. Desirable manifold pressures are in the range of 60 
to 110 pounds per square inch absolute at au altitude of 
30, 000 feet . A pay-load - range study for an aircraft using the 
power plant considered serves to evaluate the merit of the engine 
and indicates large increases in range over that offered by the 
conventional reciprocating engine, which is not compounded. 


IHTBOrOCTIOH 

Previous investigations of the lightly compounded recipro- 
cating engine (references 1 to 8) have indicated that the advan- 
tage of good fuel economy in this type of power plant is, to a 
certain extent, offset by a high specific weight. The lightly 
compounded engine is defined as one in which the greater part of 
the work of the cycle is performed by the reciprocating-engine 
component. The reciprocating-engine component is relatively 
heavy as compared with the gas-turbine component j consequently , 
the over-all weight of the lightly compounded engine is high, it 
is therefore advantageous in the compound engine for the gas 
turbine to perform as much of the work of the cycle as is con- 
sistent with the attainment of hi& over-all efficiency . This 
arrangement results in a highly compounded engine in which the 
reciprocating engine performs only the work of the cycle that 
involves high pressures and. high temperatures. The reciprocating 
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engine can therefore be made relatively small , and inasmuch a8 this 
component represents the greater part of the weight of the compound, 
engine , the over-all weight of the compound engine is low. 

An analy sis of a compound engine using a spark-ignition cycle 
over a Wide range of CQ9B.pound.lng is presented in reference 9. In 
this a nal ysis , however, the degree of cc9npounding is treated as a 
dependent variable and. weight is not discussed. The analysis is 
also restricted to one set of engine limits and does not consider 
the knock or pre Ignition problems . 

In reference 10 , a particular caBe of the highly compounded 
engine in which the power developed by the reciprocating engine is 
eq.ual to the power required by the compressor is analyzed. In 
this analysis, the degree of compounding is fixed at one value for 
any given set of engine limits and engine operating conditions. In 
addition, the division of work must change to maintain the 
compressor-engine power equality whenever the operating conditions 
or engine l imi ts are changed. Consequently, the analysis of refer- 
ence 10 cannot show trend8 with division of work and cannot lead to 
conclusions regarding the effect of division of work on the 
performance of the engine. 

The two-stroke-cycle, compression-ignition engine has certain 
unique characteristics that make it especially suitable for a 
highly compounded engine. Among these characteristics are: 

(a) The fuel-knock and preignition problems of the spark- 
ignition engine are avoided. 

(b) The capacity of the compression-ignition engine for 
operating with lean mixtures makes control of both the turbine- 
inlet temperatures and the Cylinder pressures feasible to some 
extent by varying the mixture strength. 

(c) The high air-handling capacity of the two-stroke-cycle 
engine is of particular advantage in reducing the weight of the 
compound engine. , The compression-ignition engine is Well adapted 
to operate on the two-stroke cycle. 

(d) The absence of poppet valves in the two-stroke -cycle 
engine cylinder makes it capable of withstanding high cylinder 
pressures . 

The use of the simple loop- scavenged cylinder is compli- 
cated by the difficulty of scavenging such a cylinder . A uniflow- 
scavenged cylinder offsets this difficulty, but such a cylinder 
incur8 a penalty in engine weight end complication . 
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The potentialities of the compound, two-stroke-cycle, 
compression-ignition engine when the degree of compounding is 
increased have therefore been analytically investigated at the 
MCA Lewis laboratory and are indicated herein. Because the 
performance of the highly compounded engine is dependent upon the 
Values assigned to the parameters that deter mine the mechanical and 
thermal stresses in the engine and the efficiencies of the various 
components in the system, the performance potentialities of this 
engine when the engine limits and component efficiencies are varied 
are also shown. 


METHODS OF AHA1YS3B 

The engine used in the analysis comprises a two-stroke cycle, 
compression-ignition engine, a compressor, and a turbine geared to 
a common shaft (fig. l) . Initial compression takes place in a 
diffuser and the compressor; final compression, addition Of fuel, 
and initial expansion occur in the component reciprocating engine. 
Final expansion occurs in the turbine and the exhaust nozzle. The 
degree of compounding is determined iby the amount of compression 
and expansion taking place in the component engine relative to that 
which occurs in the compressor and the turbine. 


Performance Analysis 

The engine was assumed to operate in MCA standard atmospheric 
conditions at a flight speed of 400 miles per hour. Except where 
specifically stated, an altitude of 30, 000 feet was assumed. Full 
rem temperature rise and 90 percent of the available ram pressure 
rise at the inlet to the compressor were assumed, and jet thrust 
from the turbine exhaustwas neglected to reduce the number of 
variables . 

The following table shows the independent variables 
considered and the ranges through which they were assumed to vary: 
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Variable 

Basic values 

“Range 

considered 

PeaJc cylinder pressure , lb sq. in. abs. 

1200, 1600 

1000 - 2000 

Turbine -inlet temperature, °B 

1860, 2260 

1400 - 2400 

Manifold pressure, lb/sq. in. abs. 

60, 110, 160 

20 - 200 

Altitude, feet 

30,000 

0 - 50,000 

Compressor efficiency 

0.85 

0.60 - 0.93 

Component -engine thermal efficiency 

Standard 8, 

0.60 - 1.05 
X standard 

Turbine efficiency 

0.85 

0.60 - 0.93 


Standard component -engine efficiency Is that defined by the data 
of fig. 2. 


The "basic values are the values at which each variable was held 
fixed while the other variables were varied. 

Componen t Angina. - The component engine was assumed to 
Operate on a limited-pressure combustion cycle. A search of data 
on compression- ignition engines indicated that the ratio between 
the combustion pressure and the compression pressure could be 
expressed as a linear function of a cylinder fuel-air ratio. The 
linear function chosen for this analysis is shown in figure 2. 

This relation was subsequently used to calculate peak cylinder 
pressures In the component engine. Because the component -engine 
indicated theimal efficiency is relatively unaffected by changes 
in inlet -manifold temperature (or temperature at end of compression) , 
the effect of variations of this temperature on component-engine 
efficiency was neglected. 

The efficiency data in figure 2 were obtained by computing an 
Ideal efficiency for the chosen cycle and subsequently correcting 
this ideal efficiency to an actual value. In carrying out this 
procedure, the methods of Hersey, Eberhardt, and Hottel (ref- 
erence H) were used for the rich mixtures, and an air-cycle 
analysis was used for the lean-mixture points. Allowance was made 
for the presence Of residuals in the Cylinder . An indicated 
basis was used to permit a correlation with four-stroke-cycle 
data. The resultant efficiency data were then correlated with the 
data of reference 12. The factor used to correct the data varied 
linearly with fuel -air ratio andwasweightedwith respect to com- 
pression ratio. The method of correction is discussed in greater 
detail (in the notation of appendix A) in appendix B. 

Turbine . - The turbine -inlet temperature was determined by 
means of a heat balance across the engine with an assumed heat . 
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loss of 18 percent of the heat input of the fuel. The turbine- 
inlet temperature and the turbine wort vere evaluated by Mollier 
charts of the thermodynamic properties of exhaust gases , plotted 
from. the data of reference 13. 

Performance limits. - The chief limi tations on the performance 
of the engine were taken to be peak cylinder pressure and turbine- 
inlet temperature. A graphical solution was used to find values 
of fuel-air ratio and compression ratio that would result in the 
desired turbine -inlet temperature . Consequently, the analysis 
was made with compression ratio a8 the independent variable but 
is reported with turbine-inlet temperature aS a parameter. 

A thir d limitation influential in fixing the engine perform- 
ance is mean piston speed. Because increases in piston speed are 
largely accompanied by increases in scavenging pressure drops and 
friction losses, piston speed in this analysis was held constant 
at 2400 feet per minute. 

A summary of the equations used in evaluating the perform- 
ance of the compound engine is presented in appendix B. 


weight Analysis 

A dimensional analysis was made on each component of the 
compound engine to establish weight equations for that component. 
The constants of the resulting expressions were evaluated by a 
comparison with unpublished data from current reciprocating , 
turbojet, and turbine-propeller engines and turbosuperchargers. 
All Weight 8 (the installed weights of the power plant without 
propeller) were calculated for au engine of 3000 brake horse- 
power . 

The weight of the component engine was set up a8 a function 
of the peak cylinder pressure and displacement and* for a given 
cylinder pressure and displacement , was 30 to 40 percent greater 
than that of a comparable spark- ignition engine. This increase 
was deemed necessary to allow for the additional weight incurred 
in the use of the two-stroke-cycle , uui flow-scavenged cylinder. 

For the compressor and turbine components } the weight was 
assumed to jbe a function of the. volumetric flow rate and. the 
pressure ratio. The weight of the propeller- and turbine- 
reduction gears was taken to be proportional to the horsepower 
tr ansmi tted - Radiator weights were expressed as a function of 
the fuel flow. 
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The equations Used in this part of the analysis are summarized 
In appendix C . 


Pay-Load - Range Analysis 

In evaluating the performance of the engine as installed in 
an aircraft, the pay-load - range analysis of reference 14 was 
used. A wing loading limited to 60 pounds per square foot was 
selected. A Propeller specific weight of 0.5 pound per brake 
horsepower and an engine frontal area of 14.72 square feet were 
used. All other assumptions pertaining to the aircraft are as 
given in reference 14. 


RESULTS AND DISCUSSION 
Effect of Degree of Compounding 

In an examination of the over-all performance of the two- 
stroke- cycle , compression- ignition compound engine. Investigation 
of the methods whereby low specific weights may be obtained is * 

particularly desirable. Obviously, one way of accomplishing this 
consideration is to increase the degree of compounding of the 

engine. This increase is mosteasily attained by raising the * 

manifold and exhaust pressures of the component engine and at the 

same time so decreasing the compression ratio and the fuel-air 

ratio as to permit consistent values of cylinder pressure and 

turbine-inlet temperature, in this manner, the temperature ratio 

across the compressor and the turbine, relative to that occurring 

within the component engine, is increased. 

The variation in Specific output (bhp/cu in. of total 
cylinder volume above the porta) , specific air flow (lb/(hr) 

(cu in. of total cylinder volume above the ports)), and specific 
air consumption (lb/bhp-hr) when the degree of canpounding is 
altered at an altitude of 30,000 feet is shown in figure 3. The 
amount of compounding is indicated in figure 3 by the manifold 
pressure shown as the abscissa. As the manifold pressure is 
increased, the specific air flow through the reciprocating engine 
is increased. Leaning the fuel mixture, however, causes an 
increase in the specific air consumption. Immediately, the 
question arises as to whether the increase in air capacity is 
sufficient to offset the increase in specific air consumption. 

This question is answered by the specific-output curve of figure 3, 
which initially rises quite rapidly and reaches a peak value . 
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Beyond the value of manifold pressure corresponding to this peak, 
the specific air consumption increases more -rapidly than the air- 
flow rate, which causes a reduction in specific output . 

It has been intimated previously that the weight of the 
reciprocating component engine is influential in fixing the 
Weight of the compound engine. In other -words, the weight of the 
component engine is large compared with the combined weight of 
the turbine and compressor components. If this relation is true, 
the weight of the compound engine per cubic inch of component- 
engine-cylinder volume should not vary too much with the degree 
of compounding. Data to illustrate this point are shown in 
figure 4, in which the weight of the compound engine per cubic 
inch of component-engine-cylinder volume is plotted as a function 
of manifold pressure . The increasing magnitude of this variable 
as the manifold pressure is increased is, of course, caused by 
the increase in the weights of the turbine, the compressor, and 
the turbine-reduction gear. 

The data of figures 3 and 4 show the fundamental reason 
why the highly compounded engine is lighter on a specific-weight 
han is than -the lightly compounded engine. Because the quotient 
of the values of weight per unit cylinder volume and power per 
unit cylinder volume is specific weight in weight per unit of 
power , it is obvious that the specific weight will decrease when 
the algebraic rate of change of the specific output with a change 
in operating conditions is larger then the algebraic rate of 
change of engine weight per unit of cylinder volume. The data of 
figures 3 and 4 show that an increase in the degree of compounding 
satisfies these conditions. 

Specific output, specific weight, and specific fuel consump- 
tion are plotted in figure 5 as functions of the degree of com- 
pounding, again represented by manifold pressure . The degree of 
compounding is also given for this range of manifold pressure . The 
degree of compounding is defined as the turbine work divided by the 
sum of the engine and turbine work. Thus, a value of zero repre- 
sents an ordinary reciprocating engine without a turbosupercharger 
and a value of unity is a turbine^propeller engine. These curves 
show that operation in the region of minimum fuel consumption and 
engine weight occurs around a manifold pressure of 60 pounds per 
square inch absolute for the lower limits and around 110 pounds per 
square inch absolute for the higher limits. The degree of com- 
pounding for operation at these manifold pressures increases with 
the engine limits. 



8 


NA.CA RM No. E8L09 


The fuel-consumption curves of. figure 5 reach a minimum value 
at moderate values of manifold pressure. Because the turbine-inlet 
temperature is constant, increases in the manifold pressure incur a 
rise in turbine pressure ratio and thus an increased energy 
recovery in the turbine. Increasing the manifold pressure at con- 
stant engine limits, however* reduces the expansion ratio in the 
component engine. This expansion ratio varies from a maximum value 
of about 18 at the lower manifold pressures to a minimum of about 
4 at the higher manifold pressures . The sum of these effects 
causes the fuel consumption to decrease initially and then increase . 

The data of figure 5 indicate that ■{lie highly compounded 
engine is capable of operation at brake specific fuel consumptions 
of the order of 0.32 pound per horsepower-hour and specific weights 
below 0.8 pound per brake horsepower. These values are for a peak 
cylinder pressure of 1600 pounds per square inch end a turbine- 
inlet temperature of 2260° r. 

In figure 6 the work of the various components is shown as a 
function of manifold pressure for the data of figure 5. These 
variations in component work lead to the division of work shown in 
figure 5. The point at 'which the engine and compressor work curves 
Intersect corresponds to the operating point of a gas-generator 
engine of the type discussed in reference 10. This point occurs at 
a manifold pressure of 75 pounds per square inch absolute for the 
lower engine limits (fig. 6(a)), and at 100 pounds per square inch 
absolute far the higher limits (fig. 6(b)). 


Effect of Altitude 

The performance of a highly compounded engine is shownasa 
function of altitude for three values of manifold pressure in 
figure 7 . These data show that up to about 30, 000 feet, a change 
in altitude has little effect on the specific weight of the engine. 
At the same time* a pronounced decrease in fuel consumption is 
noted as the altitude of operation is increased. This decrease is 
a result of maintaining a constant l imi ting cylinder pressure . The 
over-all pressure ratio of the compound engine thus increases in 
direct relation to the reduction in ambient pressure with altitude, 
which results in a lower fuel consumption. 

The specific output decreases slowly up to about an altitude of 
35 *000 feet and then drops more rapidly as the altitude is increased 
further. Both the specific air flow and specific air consump- 
tion decrease as the altitude of operation is increased, and 
these two variables tend, to compensate each other and maintain an 
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essentially constant specific output. Above 35,000 feet, however, 
the ambient-air temperature reaches a constant value. As a result, 
the specific air consumption decreases at a slower rate and the 
specific air flow decreases at a higher rate with further altitude 
increases, and 80 the slope of the specific-output curve changes. 


Effect of Component Efficiencies 

CcxnnresBor eff iciency. - The influence of compressor effi- 
ciency on over-all engine performance atanaltitude of 
30,000 feet is shown in figure 8. Specific fuel consumption is 
more or less independent of the compressor efficiency because inef- 
ficiencies in the compressor are partly recovered by the turbine 
that follows in the cycle and because seme compression talces place 
in the component engine. The specific weight and the specific 
output, however, show a more marked variation for changes in 
compressor efficiency . 

TTift-mwi. efficiency of the reciprocating engine . - In fig- 
ure 9> the performance of the compound, engine atanaltitude of 
* 30,000 feet is given a8 a function of relative thermal efficiency . 

Relative thermal efficiency is defined as the ratio between the 
actual thermal efficiency of the reciprocating engine and that 
v defined by the data of figure 2. Here again, the same general 

effects are noted aS for inefficiencies occurring in the compressor. 
The specific fuel consumption varies slightly with wide change8 in 
relative thermal efficiencies, whereas the variation in specific 
weight and specific output is again more predominant. ■ 

Turbine efficiency *- teamight be expected, the variation of 
engine performance with turbine efficiency at 30,000 feet (fig. 10) 
is rather marked. Because in the highly compounded engine a large 
portion of the work of the cycle is performed in the turbine, 
change8 in turbine efficiency are critical with respect to over-all 
engine performance . Figure 10 indicates that a change in turbine 
efficiency from 70 to 90 percent decreases the fuel consumption 
about 22 percent at a manifold pressure of 110 pounds per square 
inch absolute. The corresponding change in specific weight is 
about 13 percent, and that in specific output 25 percent. 
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Variation of Engine Performance with. 

Engine Operating Limitations 

Figures 11 tol3 show engine performance at an altitude of 
30,000 feet as a function of the engine operating limits, peak 
cylinder pressure and turbine -inlet temperature, for three 
manifold pressures. 

The general effect of raising the engine limits, a8 shown by 
these curves, is to increase the performance of the engine. The 
specific output (fig. 13) and the specific weight (fig. 12) 
generally improve with increases in either or both of the engine 
limits. Figure 11, however, shows that the specific fuel con- 
sumption passes through a minimum value with variable turbine - 
inlet temperature. The shape of these curve8 is Influenced by the 
magni tildes Of the compressor and turbine efficiencies and the 
manifold pressure. At low values pf turbine-inlet temperature , 
the effect of compressor efficiency is predominant; whereas, at 
high values Of this temperature , the turbine efficiency is more 
influential in determining the fuel consumption . 

An inspection of a composite figure of figure8 11 to 13 for 
the various manifold pressures shows that the surfaces for specific 
fuel consumption and specific weight for the different manifold 
pressures Intersect. The general effeot is for optimum operation 
to occur at higher manifold pressures as the engine limits are 
increased. 

t 

The data shown in these figures indicate that the desired 
engine performance may sometimes be obtained with several combin- 
ations of limits. Thus the difficulty of operating with a high 
turbine-inlet temperature might be weighed against the problems 
encountered in using high peak cylinder pressures . The presence 
of a third variable, that of manifold pressure, further compli- 
cates the situation. The selection of the best engine limits, 
therefore, requires a delicate compromise involving the appli- 
cation of the engine, the probable cost of development , and the 
required operating reliability of the compound engine. 


Effect of Engine Limit8 on Aircraft Performance 

Specific weight and specific fuel consumption alone do not 
determine the merit of an engine unless some means is available 
to ascribe the proper importance to each. 'Such a means is 
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afforded by an analysis of the performance of the aircraft in which 
the engine is used. For the present purposes, pay-load -carrying 
ability at long range vas selected as the criterion of excellence 
Inasmuch, as the highly compounded engine Is proposed mainly for 
long-range flight. 

The effect of engine limits , peak cylinder pressure , and 
turbine-inlet temperature on the disposable -load - gross -weight 
and Initial-fuel-rate - gross-weight ratios of a typical transport- 
type aircraftis shown in figure 14. The analysis and the assump- 
tions leading to these data were taken from reference 14$ an 
engine frontal area of 14.72 square feet and a propeller specific 
weight Of 0.5 pound per brake horsepower were assumed. The param- 
eter K may be defined as the ratio of average to initial fuel 
rate per mile per ton of initial gross weight. These curves provide 
a means of evaluating the relative importance of the engine limits 
as they influence the performance of the aircraft in which the 
engine is used. For example , figure 14 show8 that a8 far a8 ulti- 
mate range is concerned, there are many combinations of peak cyl- 
inder pressure and turbine -inlet temperature that result in the 
same value of ultimate range. When a large pay load is to be 
carried, however, the data show that the higher turbine - inlet 
temperature should be favored. 

Figure 14 shows that increasing the peak cylinder pressure 
results in an increase in t]je ultimate range. This effect occurs 
through a reduction in the initial- fuel-rate - gross-weight ratio, 
although in almost every case, slight increases in the disposable- 
load. - gross-weight ratio are also present. T hin increase in 
ultimate range indicates that an increase in cargo load at a given 
range may be obtained by operating at higher cylinder pressures. 

Maximum ultimate range is obtained at a given value of 
turbine -inlet temperature for each manifold pressure and decreases 
when the temperature is changed. Maximum ultimate range for any 
given cylinder pressure occur8 at the point where the range line 
and constant-cylinder-pressure line are tangent in figure 14. The 
turbine -inlet temperature at this point varies fran about 1700° R 
at a manifold pressure of 60 pounds per square inch absolute to 
about 2200° E at 160 pounds per square inch absolute. The magni- 
tude of the peak cylinder pressure also has a small effect on the 
location of -this optimum point . 

Increasing the turbine -inlet temperature in all cases raises 
the disposable -load - gross-weight ratio. Temperatures above the 
optimum temperature for ultimate range are therefore 

desirable for operation with large cargo loads. 
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The pay-load - gross-weight ratio, taken from figure 14, is 
plotted against turbine-inlet temperature in figure 15 for a peak 
cylinder pressure of 1600 pounds per square inch. The peaks in 
these curve 8 indicate optimum turbine -inlet temperature for maxi- 
mum cargo capacity, and the dashed line connecting these peaks 
therefore represents the optimum variation of turbine-inlet 
temperature vlth aircraft range. A8 the range increases, the 
optimum turbine -inlet temperature decreases from a value corres- 
ponding to that for the maximum disposable -load - gross -weight 
ratio to a value corresponding roughly to that for the mini mini 
initial -fuel -rate - gross-weight ratio. 

The data in figures 14 and 15 show that the highly com- 
pounded engine is capable of operating at ultimate ranges up to 
10,000 miles (fig. 14) and at pay-load - gross-weight ratios as 
high as 0.475 at short range8 (fig. 15). Reasonably high values of 
engine limits are imperative, however, in order for the engine to 
approach this performance. 

For the interpretation of the range and cargo - capa c ity values 
cited, for the highly compounded engine, the performance of an 
aircraft powered with a conventional turbosupercharged recipro- 
cating engine was calculated. This conventional engine was assumed 
to have a specific weight of 2.0 pound8 per brake horsepower 
installed but without a propeller a nd a specific fuel consumption 
of 0.4 5 pound per Wakehorsepower-hour . The resultant values for' 
this aircraft - power-plant combination* were an ultimate range of 
5500 mile8 and a pay-load - gross-weight ratio of 0.36 at short 
range. Thus the highly compounded engine provides about double the 
range and about 30 percent greater cargo capacity than the more 
conventional engine. As the range increases, the ratio of cargo 
capacities for the two aircraft increases in favor of the aircraft 
powered by the highly compounded engine, reaching infinity at 
5500 mile8 range. 


CONCLUSIONS 

From an analysis of a highly compounded two-stroke-cycle , 
compression-ignition engine, the following conclusions may be drawn: 

1. The highly compounded engine is capable of operatingat a 
specific fuel consumption of the order of 0.32 pound per brake 
horsepower-hour and a specific weight of the order of 0.8 pound per 
brake horsepower, with reasonable value8 of peak cylinder pressure 
and turbine-inlet temperature . 
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2. Desirable manifold pressures are in the range of 60 to 
110 pounds per square inch absolute at an altitude of 30,000 feet. 

3. The performance potentialities of the highly compounded 
engine are improved as pressure and temperature limitations are 
increased. 

4. Moderate inefficiencies in the component compression- 
ignition engine and in the compressor can be tolerated in the 
highly compounded engine because these losses are pertly recovered 
jby the turbine that follow8 in the cycle. 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APEEHDIK A 


SYMBOLS 


The following symbols are used In appendixes B and C: 

c p,c specific heat at constant pressure of compressor 

air , 0.243 Btu/(lb) (°K) 

f/a over-all fuel-air ratio 

(f/a)t, fuel -air ratio in cylinder of component engine (burner) 


He 

Hi 

% 

Bb 

M 

N 

Ha 

Pb 


Pe 


Pm 

Pjnax 

PO 

Q 


enthalpy of gases entering turbine, Btu/lb 

enthalpy of gases .leaving turbine, Btu/lb 

enthalpy of air entering component engine, Btu/lb 

lower heat of combustion of fuel, 18,500 Btu/lb fuel 

mass flow of air through engine, lb/(sec)(cu ft of 
cylinder volume above ports) 

speed of component engine , rpm 

ram pressure of air at entrance to compressor, 
lb/sq. in . abs . 

compression pressure of component engine (burner), 
lb/sq. in. abs. 

exhaust back pressure of component engine (turbine- 
inlet pressure), lb/sq. in. abs. 

inlet -manifold pressure of component engine, lb/sq. in. abs. 

Peak combustion pressure of component engine, lb/sq. in. ab8 . 

pressure of ambient air, lb/sq. in. abs . 

heat 1088 of component engine, Btu/lb of air entering 
engine 


Eg scavenging ratio - ratio of veight of fresh charge 

delivered to component -engine cylinder per cycle to 
product of inlet density and total cylinder volume 
above port 8 
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r compression ratio of component engine 

T a temperature of air at entrance to compressor, OR 

T e temperature of gases entering turbine, °R 

?m temperature of air entering component engine (burner) , OR 

Tq temperature of ambient air, °E 

V velocity of flight, mph. 

v & volume flow Of air into compressor, cu ft/sec 

v^ total piston displacement of component engine (turner) , 

cu in. 

V Q volume flow into turbine, cu ft/sec 

w acc weight of engine accessories, lb 

weight of component engine, lb 

W c Weight Of compressor, lb 

'Wpj, weight of propeller reduction gear, lb 

W r weight of radiators, lb 

Wp weight of turbine, lb 

V tr weight of turbine reduction gear, lb 

w b brake output of component engine (burner) , Btu/lh of 

air entering engine 

v c compressor work, Btu/lb of air entering engine 

w n networkof compound engine, Btu/lb of air entering engine 

w^_ turbine work per pound of air, Btu/lb 

^b indicated thermal efficiency of component engine (burner) 

tj adiabatic efficiency of compressor 

c 
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efficiency of propeller reduction gearing , 0.97 

scavenging efficiency - ratio of weight of fresh charge 
contained in component- engine cylinder at time of 
port closing to product of inlet density and total 
cylinder volume above ports 

adiabatic efficiency of turbine, total to static pressure 
efficiency of turbine reduction gearing, 0.97 
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APPMDIX B 


ANALYSIS CF COMPOUND -ENGINE PERFORMANCE 


The following equations were Used to estimate the performance 
of the two-stx’oke-cycle compound engine: 

Ram pressure and temperature . - The ram. pressure and 
temperature in the diffuser duct leading to the compressor inlet 
with a 90-percent ram-pressure -rise recovery are expressed by 


and 



(Bl) 


(B2) 


Compressor calculations . - The performance of the compressor 
on the Basis of work done per pound of air handled can "be expressed "by 

v 0 = °p,c iES) 

where 



(B4) 


Scavenging rat jo . - Analysis of data from experimental and 
production two -stroke -cycle engines indicates that the two-stroke- 
cycle cylinder can be replaced by an equivalent orifice with respect 
to air flow through the cylinder . In the range of operation 
considered, the air flow through the uniflow cylinder chosen for this 
analysis can then be represented jby the equation 

k Vt 1 - W T m 

where k is a constant that includes the area and the discharge 
coefficient of the equivalent orifice and also includes conversion 
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constants to make the units consistent . The value of* k is really 
a function of piston speed; however, because in this analysis piston 
speed is held constant, the value of k remains unchanged. Evalu- 
ation of this constant by use of experimental data from au engine of 
the type chosen for this analysis resulted in the equation 

E 8 = 0.0981V (1 - P e /P m )T m (B6) 

In the present analysis, the value of the scavenging ratio Rg 
was fixed at 1.3. Equation (B6) may then be rearranged to permit 
a calculation of the exhaust -pressure - manifold-pressure ratio and 
subsequently the exhaust pressure. 


Scavenging efficiency . ~ Analysis of data from a uniflow, two- 
stroke-cycle engine (reference 9) indicated that the scavenging 
efficiency of this type of engine could be related to the scavenging 
ratio by the equations 

- e' E °) 


Tj = 0. 75 E + 0.25 (1 


(B7) 


where 


and 


R s ^ 1.0 


0.75 + 0.25 ( 1 - e 


-E. 


’) 


(B8) 


where 


E 0 > 1.0 

Over -all fuel-air ratio. - The over-all fuel-air ratio can be 
expressed by the relation 

F ( F / A )-b\ ( B , 

1 " E s 

Efficiency of r--nmnnrLRnt engine . - A uniflow, two-stroke-cycle 
ccaapresslon-igaltion engine was used as the component engine for 
this analysis. Because this engine must operate over a wide range 
of compression ratios and fuel-air ratios, an analytical or 
graphical relation between the engine indicated thermal efficiency 
and the fuel-air ratio, compression ratio, and ratio of peals cam- 
bustion pressure to compression pressure is convenient. 
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A limited pressure cycle was chosen for the component engine 
and the rate of combustion Was assumed to be a linear function of 
the cylinder fuel-air ratio such that the ratio of peak combustion 
pressure to compression pressure vas a mex-lTm-mt of 1.5 at a fuel-air 
ratio of 0.0678 and. 1 at a fuel-air ratio of 0. Thus 


p max * p b 


0.5 (F/A)^ 
1 + 0 .0678 


(BIO) 


By this relation, the theoretical indicated thermal efficiency of 
the component engine vas computed, on a fuel-air-cycle basis for the 
richer mixtures (0.05 to 0.06775) fi*cm thermodynamic charts 
according to the method8 of reference 11 and on an air-cycle basis 
for the very lean fuel-air ratios . 

Bich-mixture data taken on a compression-ignition engine 
(reference 12) operating at the same conditions of fuel-air ratio, 
compression ratio, and ratio of peak combustion pressure to com- 
pression pressure were used to correct the theoretical indicated 
thermal efficiencies to actual thermal efficiencies . Because data 
' were available for only one operating point* corrections for any 

other point vere made on the assumption that the deviation of the 
actual from the theoretical thermal efficiency vas proportional to 
» the fuel-air ratio and the absolute magnitude of the point to be 

corrected. 


Curves of actual indicated value8 of thermal efficiency ^ aS 
a function Of fuel-air ratio and compression ratio are shown in 
figure 2. The brake output in Btu per pound of air entering the 
engine, With a mechanical efficiency of 90 percent assumed, is then 

V b = \( F / A ) (18 >500) (0.9) (Bll) 

The value of is determined from, figure 2 at -the engine c em- 
press ion ratio used and the fuel-air ratio existing in the engine 
cylinder . 

Turbine -inlflt. -pressure .- w he pressure at the inlet of the 
turbine may be expressed by the equation 



(B12) 
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Turbine- Inlet temperature . - If the component engine is iso- 
lated and treated as a steady-flow machine, the enthalpy of the 
gases entering; the turbine may be found by a simple heat balance: 

^ + hi (I/A) -<*-»„ 

~ i * (ITS) 


The heat loss of the component engine Q in Btu per pound of air 
may be expressed aS a percentage of the heat input- Data from 
reference 15 may be interpreted to indicate that the heat loss is 
approximately 18 percent of the heat input, so that 


H 


+ h^ (F/A) (1 - 0.18) - v b 

1 + (f/a) 


(B13) 


Theimodynamic charts were prepared from, reference 13, from 
Which T may be read, at the computed value of H . 

Turbine calculations . - The turbine work per pound of air 
entering the engine may be expressed by 

w^_ = Jjl + (f/a)J (E q - Kj ) (B14) 


where is the enthalpy of the gases leaving the turbine after 
100-percent-efficient adiabatic expansion to atmospheric pressure 
and may be found from the thezmo dynamic charts . 


Tribal, work ner uound of air . - If' the work of the turbine is 
greater than the work of the compressor, the total work of the 
compound engine per pound of air entering the engine is 

w n = V [ v b + V (v t " v c ) ] 


if the compressor work is greater than the work Of the turbine, the 
total work per pound of air is then 


w_ 


n 



+ 



(B15a) 


Era.kft anecific fuel crmnuTTmtio-n . - The brake specific fuel 
consumption of the compound engine is expressed by 
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bsfc = 


2545 (J/A) 


v_ 


(B16) 


The weight flow of air entering the 
compound engine in pound8 per second per cubic foot of total volume 
above the ports is 


M 


sR I 

K s 60 


144 P m ^ 
53.3 T^y 


(B17) 


Ket brake horsepower Tier cubic inch . - The output of the can- 
pound engine expressed in brahe horsepower per cubic inch of total 
volume above the ports is 


_bjbp 

cu in. 


= M w Q x 


778 v 
550 X 


1 

1729 


(B18) 


Brahe specific air consumption . - The brake specific air 
consumption of the compound engine can be expressed by 


bsac 



(B19) 


Specific air flow . - The specific air flow, in pounds per hour 
per cubic inch, of the compound engine is 

saf = (bhp/cu in.) bsac 


(B20) 
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APPENDIX C 


ANALYSIS OF SPECIFIC WEIGHT OF COMPOUND ENGINE 


The specific weights in tilis analysis are computed for a com- 
pound engine having a rating of 3000 horsepower at an altitude of 
30,000 feet. The component engine is assumed to operate at 2400 rpm 
and tile limiting conditions of peak cylinder pressure and turbine- 
inlet temperature ar e given for each set of operating conditions. 

The specific Weight of the engine at each operating point is 
determined by estimating the veight of each component , adding the 
weights , and dividing by the rated 3000 horsepower. The results 
are then presented in pounds per horsepower . 

Component engine .- A nalysis of data giving the weights of the 
power sections of various production-type reciprocating engines 
indicated that the weight of an engine of given piston displacement 
would consist of (1) a basic frame weight, which would exist even 
though gas forces on the pistons were zero, (2) a factor to take 
into account the gas force8 on the pistons , and (3) weight8 of 
accessory parts such a8 the generator, starter, pumps, fuel injec- 
tors, and tubing. The equation of total engine weight then take8 
the form: 

W,= (V + k P _LW 

b \ l 2 maxy b T acc 


From consideration of data from, current engines and from 
reference 16 and With the weight of accessories assumed at approxi- 
mately 200 pounds, the constants k^ and kg may be evaluated so 
that 


*b 



0,5 r max \ T b 

+ 1600 J TTSS 


+ 200 


(Cl) 


If the ratio of compression ratio based on the volume above the 
port8 to the compression ratio based on the total piston displacement 
is assumed to be 0.8, the total piston displacement may be 
calculated from the equation 


= 5000 

T b bhp/cu in. 


1.25 


(C2) 


1065 



NACA EM No. ESL09 


23 


Compressor and turbine •weights . - Analysis of data on current 
compressors and turbine8 indicates that the weights of these flow 
machines consist Of: (1) a "basic fhame weight, (2) a factor that 

take8 into account the volume flow, and (3) a factor that account8 
for the number of pressure stages required . 

Dimensional, analysis shows that, on the basis of constant 
velocity into the flow unit, volume flow through the unit is pro- 
portional to the diameter squared and weight of the unit is pro- 
portional to the diameter cubed. Thus the weight of the flow 
machine is a function of the volume flow to the 1.5 power. Further, 
inasmuch as the weight of the compressor or turbine is proportional 
to the number of stages required and the total pressure ratio across 
the unit is equal to the product Of the pressure ratios across each 
stage, the Weight of the compressor or the turbine is a function of 
the log of the total pressure ratio. 

A8 a result of evaluating the constants in the equation 
relating these parameters by means of data from current compressors 
and turbines, the weight Of the compressor is expressed jby 


"W. = 75 + 0.0353 v 
c a 


1.5 


los io 

and the weight of the turbine is expressed by 


(*> 


(C3) 


If = 36 + 0.042 v 1,5 P ' 

t e 


log —6 
10 

0 0 


(C4) 


The volume flow entering the compressor, expressed in cubic 
feet per second at compressor-inlet conditions, is 


EH P T 

v = 3QOO x XxJx-i 

a bhp/cu in. 1728 60 T P a 


(C5) 


and the volume flow entering the turbine, expressed in cubic feet 
per second at turbine-inlet conditions, is 


v 

e 


3000 1 R s g y 

bhp/cu in. 1728 60 



(C6) 
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eft: reduction gears . - An examina t ion of data on current 
turbine -engine reduction gears showed that their weight could be 
expressed as a fraction of the horsepower transmitted . Thus the 
weight of the propeller reduction gear of the compound engine is 

W = 0.15 X 3000 (07 ) 

pr 

and the weight of theturbine reduction gear of the compound engine 
is 


V. 


tr 


0.15 


(v -v ) 779 3000 1 gjg 144 F m 

v t o 550 bhp/cu in. 1728 60 53.3 T m 


(C8) 


Weight of radiators . - The entire heat rejection of the com- 
ponent engine, which includes heat rejected to the coolant and to 
the lubricating oil, was assumed to be delivered to one set of 
radiators. Radiators having capacities of 6000 Btu per minute per 
square foot of area per 100° F of Initial temperature difference 
and weights of 20 pounde per square foot of area were used in the 
calculations. With a total heat rejection of 18 percent of the 
fuel input to the engine and an average coolant temperature of 
250° F f the weights of the radiator will then be 


W = 30.000 60 X befc 0.18 6000X X 18.500 X 20 X 100 

( 250+4S0-T ) 

cl> 


or 


w r = bsfc X 555 


X 


T~L 00 

(710-T a ) 


(09) 


Specific weinht of compound engine - The specific weight of 
the compound engine can then be stressed by the equation 


specific weight 


Wp + w G + w t + W pr + + vr 

3000 


(CIO) 
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Cylinder fuel -air ratio 

Figure 2. - Peak-oyl inder-presaure and offiolenoy data used for aomponent engine 

In analysis. 
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0 40 80 120 160 200 240 


Manifold pressure, lb/sq in» absolute 

Figure 3, - Effect of manifold pressure on specific air flow and 
specific air consumption of compound engine and resultant effect8 
on specific output of compound engine. Peak cylinder pressure, 
1200 pound8 per square inch; turbine-inlet temperature, 1860° R; 
altitude, 30,000 feet; flight velocity, 400 miles per hour. 




Specific weight X specific output, lb/cu in. 


30 


NAC A RM No . E8L09 



Manifold pressure, lb/sq in. absolute 


Figure 4. - Variation of product of specific weight' 
and specific output (total engine weight without 
propeller/cu in. of cylinder volume) with manifold 
pressure. Altitude , 30,000 feet; flight velocity, 
400 miles per hour. 
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Compressor efficiency 


Figure 8. - Effoot of compressor efficiency on performance of compound engine. 
Peak cylinder pressure, 1600 pounds per square inch; turbine-inlet temperature, 
2260° r; altitude, 30,000 feet; flight velocity, 400 miles per hour. 




Specif io fuel consumption, . ^ ^ ^ . 

lb/bhp-hr Specific weight, lb/bbp Specific output- bhp/cu in. 
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Relative thermal efficiency 

Figure 9. - Effect of relative thermal efficiency of component 
engine on performance of compound engine. Peak cylinder 
pressure, 1600 pounds per square inch ; turbine-inlet 
temperature, 2260° R; altitude, 30,000 feet; flight velocity, 

400 miles per hour. (Relative thermal efficiency is defined as 
ratio of the actual component- engine efficiency to that 
defined by fig. 2. ) 






Specific fuel consumption, Ib/bhp-hr Specific weight, lb/bhp Specific output, bhp/cu in, 
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Turbine efficiency 

Figure 10. - Effect of turbine efficiency on performance of engine. Peak 
cylinder pressure, 1600 pounds per square inch; turbine-inlet temperature, 
2260° R; alt itude, 30,000 feet; Plight velocity, 400 miles per hour. 
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Specific fuel consumption, lb/bhp-hr 
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(b ) Manifold pressure, no pounds per square inoh absolute, 
velocity, <00 alias per hour. (Dashed lines represent constant’ordinate values.)** 1 
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(c) Manifold pressure, 160 pounds per square Inch, absolute. 

Figure 11. - Concluded. Effeot of engine limits on brake specific fuel consumption of 
compound engine at three values of manifold pressure. Altitude, 30,000 feet; flight 
velocity, 400 miles per hour. (Dashed lines represent constant ordinate values. ) 
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fb) Manifold pressure, 110 pounds per square inch rbaolute, 


Figure 12. - Continued. Effect of engine limits on specific weight of compound engine at 
three values of manifold pressure. Altitude, 30, OOO feetj flight velocity, 400 miles per 
hour. (Dashed lines represent constant ordinate values.) 
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(a) Manifold pressure, 60 pounds per aqutre Inch absolute. 

of cotspo-unfl engine *t three values 
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' (b) Manifold pressure, 110 pounds par square inch absolute . 


Figure 13. - Continued. Effect of angina limits on specific output of compound engine at 
three values of manifold pressure. Altitude, 30,000 feet; flight velooity, 400 mile* 
per hour. (Dashed lines represent oonstant ordinate values.) 
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(o) Manifold pressure, 160 pounds per square inch absolute . 

Figure 13. - Concluded. Effect or engine limits on specific output of compound engine at three 
values of manifold pressure. Altitude, 30,000 feet; fl ight velocity, 400 miles per hour. 
(Dashed lines represent oonstant ordinate values. ) 


Dtspoaable load 


* 



(a) Manifold pressure, 60 pounds per square innh absolute. 


Figure 14, - Effect of engine limits on night range of aircraft with compound engine at three 
values of manifold pressure. Altitude, 30,000 feet; flight velocity, 400 miles per hour. 
(Ming loading limited to 80 lb/sq ft.) 
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(b) Manifold pressure, 110 pounds par square inoh absolute. 


Figure 14. - Continued. Effect of engine lijnite on flight range of aircraft with oonpound engine at 
three values of manifold pressure. Altitude., 50,000 feet; flight velocity, 400 miles per hour, 
(King loading limited to BO lb/aq It.) 
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(o) Manifold pressure, 160 pounds ptr square Inch absolute. 


Figure 14 , - Concluded, Effect of engine limits on flight range of aircraft with oompound engine at 

three values of manifold pressure. Altitude, 30,000 rest; flight velooity, 400 miles per hour, 
(Wing loading limited to 80 lb/sq ft.) 
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Turbine-inlet temperature, °R 

(a) Manifold pressure, 60 pounds per square inch absolute . 

Figure 15. - Effect of flight range and turbine-inlet temperature 

on pay-load capacity at three values of manifold pressure . 

Peak cylinder pressure, 1600 pounds per square inch altitude, 
30, 000 feet; flight velocity, 400 miles per hour. {Wing 
loading limited to 80 lh/aq in.) 
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Turbine-inlet temperature, °R 
(b) Manifold pressure, 110 pounds per square inch absolute . 

Figure 15. - Continued. Effect of flight range and turbine- 
Inlet temperature on pay-load capacity at three values of 
manifold pressure. Peak cylinder pressure, 1600 pounds per 
square inch; altitude, 30, 000 feet; flight velocity, 400 
miles per hour. (Wing loading limited to 80 lb/sq in.) 
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